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We offer a standing wave explanation for the observed excess proper motions at the center of the globular
cluster 47-Tucanae, amounting to ' 0.5% of the total mass. We show this can be explained as a solitonic core of
dark matter composed of light bosons, m ≥ 10−18eV , corresponding to ≤ 0.27pc, as an alternative to a single
black hole (BH) or a compact body of unseen stellar remnants proposed recently. We propose this core develops
from dark matter captured in the deep gravitational potential of this globular cluster as it orbits the dark halo of
our galaxy. This boson may be evidence for a second light axion, additional to a lighter boson of 10−22eV , favored
for the dominant dark matter implied by the large dark cores of dwarf spheroidal galaxies. The identification of
two such light bosonic mass scales favors the generic string theory prediction of a wide, discrete mass spectrum
of axionic scalar fields.
PACS numbers:
Light scalar fields are a compelling choice for extending the
standard model of particle physics, naturally generating axion-
like dark matter with symmetry broken by the simple misalign-
ment mechanism [1–4]. Such fields are generic to string theory
from the dynamical compactification to 4 space-time dimen-
sions describing our Universe [5]. These axionic modes are
expected to start out massless for symmetry reasons, subse-
quently picking up a relatively small mass by non-perturbative
tunneling that is typically exponentially suppressed [6–9], re-
sulting in a discrete mass spectrum of independent axions
spanning many orders of magnitude.
Each axionic field can develop rich structure on the de-
Broglie scale [10–13] under gravity, summed over the ensem-
ble of these independent axion fields, which has been shown
to account for the observed coldness of dark matter and the
puzzling properties of dwarf galaxies for a dominant scalar
field of 10−22eV [10–13]. Most conspicuously, a prominent
soliton develops quickly at the center of every bound halo, as
identified in the first simulations in this context [10, 11, 14].
These solitons represent the ground state where self-gravity is
balanced by an effective pressure arising from the Uncertainty
Principle, yielding a static, centrally located and highly non-
linear density peak, or soliton. The soliton scale depends on
the gravitational potential depth and for the favored 10−22eV
dominant dark matter this is predicted to be ' 150pc for the
Milky Way [10, 11, 15], much smaller than the size of the
galaxy. This field may be detected directly by its inherent
Compton scale pressure oscillation, at frequency 2m [16]. This
is feasible using pulsars near the Galactic center for which
a sizable 200ns timing residual is predicted on a convenient
2 months timescale that is boosted in amplitude within the
relatively high dark matter density within the central soliton
[18].
In addition to this 10−22eV axion for the dominant Dark
Matter, a lighter axion of 10−33eV may be considered to pro-
vide the dynamical dark energy from the associated quantum
pressure [23–25], or as a related, probabilistic consequence of
the string “landscape” [26].
Axions that are heavier than 10−22eV may also be antici-
pated, with sub-dominant but possibly significant contributions
to the total dark matter density. One possible place to look for
their presence is at the center of globular clusters (GC) where
a compact dark mass of over few thousands of solar mass is
expected, although its origin is still under debait. Here we
consider a very well studied GC 47-Tuc resolved very recently
in Ref. [27].
We propose that the expected compact dark mass might be a
soliton which is arisen from axion with some certain mass. Due
to the compactness of this structure the dominant dark matter
axion with mass of order 10−22eV may not play any roles. Here
we aim to estimate the parameters of such a solitonic structure
and to estimate the axion mass.
We derive the parameters of this soliton from the first prin-
ciples and add the contribution from the luminous matter as
well.
At first, we consider the pure solitonic effect. We follow the
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2standard approach in Ref. [9, 19] for mapping the Bose Ein-
stein Condensate (BEC) system to a hydrodynamical system,
∂u
∂t
+ (u · ∇)u = −∇Φ − 1
m
∇Q, (1)
here Q denotes the quantum potential and it is given by,
Q ≡ − ~
2
2m
∆
√
ρ√
ρ
= − ~
2
4m
[
∆ρ
ρ
− 1
2
(∇ρ)2
ρ2
]
, (2)
The total energy of this system is a summation of the kinetic
term (both classical and quantum) and the potential term and
is given by,
Etot =
3
4
M
(
dRs
dt
)2
+
3
4
~2
m2
M
R2s
− 1√
2pi
GM2
Rs
=
3
4
M
(
dRs
dt
)2
+ V(Rs), (3)
Where we have assumed a Gaussian profile for the density
profile of soliton, ρs(r) = M
(
1
piR2s
)3/2
e−r2/R2s . It can be shown
that the results from this consideration is in good agreement
with the numerical calculation, [9–11, 17].
V(R) is the effective potential of the system and is given by
V(R) = 34
~2
m2
M
R2 − 1√2pi GM
2
R where hereafter we drop the sub-
index s from all of the quantities except in the density and will
return it at the end of the calculations. This is required in our
variation calculation. Adopting a similar technique that deter-
mines the Chandrasekhar mass, the stable, time independent
“solitonic core” of the system is found by looking at the critical
point of the effective potential and by neglecting dR/dt = 0.
This is equivalent with the virial condition and gives us,
M(R) =
3√2pi2
 ( ~2m2GR
)
, (4)
which is identified as the minimum since the second derivative
of the effective potential is positive, V ′′(R) = 1√
2pi
GM2
R3 > 0.
Next, we compute the back-reaction of the luminous matter
on the above solitonic mass-radius relation.
We start with presenting the gravitational potential for a
distribution of matter,
ΦL(r) = −
(
4piG
r
) ∫ r
0
r′2ρL(r′)dr′ − (4piG)
∫ ∞
r
r′ρL(r′)dr′,
(5)
where ρL(r) denotes the luminous matter density for which we
consider the King model [27],
ρL(r) = K
 1(a2 + r2)3/2 − 1(a2 + r2t )3/2
 , (r ≤ rt), (6)
where a refers to the effective core radius and rt denotes the
tidal radius of King model. It also scales with a constant K.
Finally the interacting gravitational energy for the system
includes the interaction between soliton-luminous, luminous-
soliton and luminous-luminous is given by,
W(R) =
1
2
∫ ∞
0
ρs(r,R)ΦL(r)d~r +
1
2
∫ ∞
0
ρL(r,R)Φs(r)d~r
+
1
2
∫ ∞
0
ρL(r,R)ΦL(r)d~r = W1(R) + W2(R) + W3(R),
(7)
We notice here that while all of the integrals go to infinity,
in practice they are truncated at r = rt which is the cutting
threshold in the King model.
We estimate the interaction gravitational energy as,
W(R) = −4pi3Ga5K2 − √16pi
(
a3
R
GMK
)
×
e
(
a/
√
2R
)2
BesselK
0, ( a√
2R
)2 , (8)
where the first term comes from the luminous-luminous inter-
action and the second term is due to the interaction between
the luminous and soliton terms.
We next compute the derivative of the interaction gravita-
tional energy as dW(R)/dR|R=Rs = 2piGKMRs. Since these are
evaluated at R = Rs from now on we return to Rs notation.
Finally we add this term to the pure contribution from the
soliton itself, given by V(Rs) = 34
~2
m2
M
R2s
− 1√
2pi
GM2
Rs
, where as
mentioned above we have replaced everywhere R with Rs, and
infer the mass-radius relation as,
Ms ≡ M(Rs,m, a)
= −
(
3
2G
√
2pi
) [
3σ2L
(
R3s
a2
)
+
(
~2
m2Rs
)]
. (9)
where for brevity we defined σ2L ≡ GMGC/(2RGC).
Our final goal is to estimate the axion mass appropriate for
the above inferred mass-radius relation. For this purpose we
estimate the paramters of the soliton, i.e. the soliton mass as
well as its radius. This is done by computing the projected
velocity dispersion and compare this with observations. In our
consideration we use the most recent observational results for
47-Tuc as presented in figure 4 of Ref. [27].
We start with the velocity dispersion which is given as,
σ2(r) =
G
ρL(r)
∫ ∞
r
ρL(r′)M(r′)
r′2
dr, (10)
where ρL(r) refers to the King model and M(r) =
4pi
∫ r
0 (ρL(r
′) + ρs(r′)) r′2dr′ denotes the interior mass to a
sphere of radius r. Since the luminous and solitonic contribu-
tions are separable, in the following we compute the solitonic
effect and add the luminous part to this from the recent obser-
vations.
Next we compute the projected velocity dispersion as given
by [27],
σ2p(R) =
∫ ∞
R σ
2(r)ρL(r)r
(
r2 − R2
)−1/2
dr∫ ∞
R ρL(r)r
(
r2 − R2)−1/2 dr . (11)
3We wish to estimate the soliton mass and radius for a chosen
stellar profile. In order to compare our results with that of Ref.
[27], we choose a King model as our stellar profile and we
fix the effective core radius (a = 43.7 arcsec) and tidal radius
(rt = 42 arcmin) to be the best fit given in King model. We take
the distance of 47-Tuc from the earth (D = 4.69 kpc). We add
few different stellar contributions to the above solitonic effect.
They include the effect from Stars, Binaries, White Dwarfs and
the Neutron Stars. They are all presented in figure 6 in Ref.
[27].
We preform a Markov Chain Monte Carlo (MCMC) analysis
using the publicly available code [38] in two dimensions and
estimate the value of the soliton mass and radius. Here we use
a cut off in our sampling of the soliton radius. This is due to
the limitation in the resolution of experimental datas. We take
it to be 10−3 pc.
Figure 1 presents the allowed range for the soliton mass and
radius.
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FIG. 1: Allowed values of the soliton mass and radius using to the
projected velocity dispersion for the 47-Tuc GC. The vertical axes
is cut off for Rs ≤ 10−3pc due to the resolution limitation. Here the
contours show 68% and 95% confidence levels, respectively.
From this we achieve the following Mass and Radius,
Ms = 6891.53+1161.44−842.47 M, (12)
Rs ≤ 0.27pc. (13)
where we have used the standard percentile method to compute
the confidence levels.
In figure 2 we use the above range for the soliton mass
and radius and present the projected velocity dispersion. This
shows an excellent fit to the projected velocity dispersion.
Our solitonic profile is concentrated within a projected ra-
dius of ≤ 0.27pc. This is consistent with Mann et. al. (Ref.
[27]) who concluded ( at page 9, first column) that a concen-
tration of stellar BHs with a scale of ' 2arcsec = 0.045pc can
also explain the rising central velocity dispersion of the visible
stars.
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FIG. 2: Allowed values of the soliton mass and radius using the
projected velocity dispersion for the 47-Tuc GC. Theoretical model
includes the effect of the soliton as well as the Stars, Binaries, Neutron
Stars (NSs) and the White Dwarfs (WDs) as presented in figure 6 in
Ref. [27].
Finally we plug the above constraints for the soliton Mass
and Radius back in the mass-radius relation and estimate the
axion mass as,
m ≥ 1.036 × 10−18eV. (14)
In addition to the above practical limits, the absence of
evidence for a BH from Radio/Xray deep imaging can be also
translated in a conceptual cut off in the value of Rs to be bigger
than the Schwarzschild radius associated with a soliton with
mass Ms ' 6891M. This gives us an upper limit on the mass
of the axion to be m 6 2.5 × 10−14eV .
In conclusion, we showed that a light scalar field can gener-
ate a sufficiently compact dark mass corresponding to an axion
of m ≥ 10−18eV for a very well studied GC 47-Tuc. This has
the advantage over an IMBH interpretation as it does not then
conflict with the stringent lack of gas accretion affecting the
credibility of the IMBH interpretation. This is consistent with
Ref. [27] who concluded that a concentration of stellar BHs
with a scale of ' 0.045pc can also explain the rising central
velocity dispersion of the visible stars.
The greatest physical importance of our soliton interpre-
tation is in relation to String Theory. Such a 10−18eV axion
together with the lighter 10−22eV , as a viable candidate for
the dark matter, and much lighter axion, 10−33eV , to be
responsible for the current expansion of the universe, [23],
could greatly support the idea of an “Axiverse” [6–8], of a
discrete mass spectrum of several light axions spanning a
wide range of axion mass, generically resulting from higher
dimensional compactification.
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